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People with mild cognitive impairment (MCI) are at an elevated risk of developing
Alzheimer’s disease or other forms of dementia. Although the neural correlates of success-
ful memory performance in MCI have been widely investigated, the neural mechanisms
involved in unsuccessful memory performance remain unknown. The current study exam-
ines the differences between patients suffering from stable amnestic MCI with multiple
deficit syndromes and healthy elderly controls in relation to the neural correlates of both
successful and unsuccessful encoding and recognition. Forty-six subjects (27 controls, 19
MCI) from the HelMA (Helmholtz Alliance for Mental Health in an Aging Society) completed
a comprehensive neuropsychological test battery and participated in an fMRI experiment
for associative face-name memory. In patients, the areas of frontal, parietal, and temporal
cortices were less involved during unsuccessful encoding and recognition. A temporary
dysfunction of the top-down control of frontal or parietal (or both) areas is likely to result
in a non-selective propagation of task-related information to memory.
Keywords: Alzheimer’s disease, attention, fMRI, memory, mild cognitive impairment, unsuccessful encoding
INTRODUCTION
Mild cognitive impairment (MCI) is a term used to describe a con-
dition involving problems in cognitive function (mental abilities
such as thinking, knowing, and remembering) and is considered a
risk factor for the development of dementia. As MCI is thought to
constitute a transitional state between healthy aging and demen-
tia, patients with MCI display greater cognitive dysfunction than
expected for their individual age, albeit without fulfilling the cri-
teria for the diagnosis of dementia (Gauthier et al., 2004; Winblad
et al., 2004; Petersen and Negash, 2008). Epidemiological stud-
ies suggest that the progression of MCI is heterogeneous, and
may be reversible, and that the prognosis greatly depends on
the subtype of the MCI (DeCarli, 2003). Based on neuropsycho-
logical profile, MCI can be classified into four subtypes: single
amnestic, multiple amnestic, single non-amnestic, and multiple
non-amnestic (Busse et al., 2006). According to some recent stud-
ies (Rizzo et al., 2000; Gauthier et al., 2004; Murray and Ranganath,
2007; Dickerson and Sperling, 2008; Kim et al., 2012; Drexler et al.,
2013), the most common form of MCI is a multiple deficit syn-
drome with memory impairment. Amnestic MCI has also been
found to progress preferentially to Alzheimer’s disease (AD), with
a 10–15% annual risk of conversion (Portet et al., 2006). Lon-
gitudinal investigations have shown that after 3 years, 55% of
total 165 amnestic MCI patients had progressive difficulty with
memory, with 19% of the cases converting to AD (Daly et al.,
2000).
With the development of neuroimaging techniques, the inves-
tigation of indicative characteristics in genetic, clinical, and bio-
logical areas of research has been expanded to the neural correlates
of MCI and impaired memory functions, the leading symptom of
amnestic MCI. The neural correlates of memory impairment in
amnestic MCI range from dysfunctions in the medial temporal
lobe including the hippocampus and the amygdala to impair-
ments in the entorhinal cortex, the occipital lobe, the precuneus,
the posterior cingulate gyrus, and the prefrontal cortex (Ries et al.,
2008). In an associative encoding task, patients with amnestic MCI
(compared to control subjects) hyperactivated the hippocampus,
whereas patients with AD showed decreased entorhinal and hip-
pocampal activation patterns (Dickerson et al., 2005). Celone et al.
(2006) corroborated these findings by showing that amnestic MCI
patients with minor cognitive deficits had elevated levels of acti-
vation in the hippocampus as opposed to hypoactivation of the
hippocampus seen in more impaired patients. Results from a sig-
nificant number of studies (Sperling et al., 2003; Hämäläinen
et al., 2007; Clément and Belleville, 2010; O’Brien et al., 2010;
Kim et al., 2012) suggest that patients are capable of compensat-
ing for their deficits in the early stages of amnestic MCI, whereas
in later stages the ability to recruit helpful additional resources
is lost.
Recent studies have shown that the default network regions
that converge on the prefrontal areas and the posterior cingulate
extending into the precuneus (Greicius et al., 2009) are involved in
conditions associated with memory impairment. In vivo amyloid
and fMRI imaging suggest that elevated amyloid deposition and
relatively poor memory performance are linked to aberrant default
network functional activity in asymptomatic, minimally impaired
older individuals (Vannini et al., 2013).
Previously, functional magnetic resonance imaging (fMRI) was
tackled largely with the neural correlates of memory encoding and
memory retrieval by means of block-design paradigms (Sperling
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et al., 2003; Dickerson et al., 2004; Bondi et al., 2005; Miller et al.,
2008; Trivedi et al., 2008). More recently, fMRI studies on memory
in MCI have employed event-related designs, thus accounting for
a more specific understanding of successful memory functioning.
For example, Heun et al. (2007) have found that during success-
ful memory performance patients with amnestic MCI show ele-
vated prefrontal cortex activation as compared to control subjects.
Kircher et al. (2007) have found elevated hippocampal activation
associated with successful encoding in amnestic MCI patients.
Given that the diagnosis of amnestic MCI is contingent on the
assumption that one or more cognitive processes are impaired,
investigating the potential difference between MCI and healthy
controls in the context of cognitive failure is highly relevant. In
this regard, the investigation of unsuccessful memory is particu-
larly pertinent as it is not as well understood as successful memory.
Stevens et al. (2008) have found that while decreased hippocam-
pal activity accompanies unsuccessful encoding in both younger
and older adults, in older adults there is increased additional
activity indicating distraction from task-irrelevant input (such as
scanner-noise). The aim of our study was to investigate potential
differences between patients with MCI and healthy elderly controls
with regard to the neural correlates of successful versus unsuccess-
ful encoding and recognition. Only those amnestic MCI patients
(with multiple deficit syndromes) who had been stable for at least
1 year were included in the study.
Based on previous results, we expected to find increased activity
during successful memory encoding and recognition in patients
with MCI, compared to the control subjects, in memory-related
brain areas. We hypothesized that encoding and recognition fail-
ure would result in a decreased activation pattern of these brain
areas in patients with MCI relative to elderly controls.
Most fMRI studies investigating MCI employ a very brief neu-
ropsychological test battery, often using only screening tests to
diagnose MCI (Celone et al., 2006; Johnson et al., 2006; Petrella
et al., 2006; Heun et al., 2007; Kircher et al., 2007). Previous results,
for the most part, have been based on single verification of group
assignments, risking the consequence of subsequent reconversion
of some MCI patients. Our work, on the other hand, as part of a
multiple-assessment longitudinal project on predictors of demen-
tia, was based on an extensive neuropsychological test battery,
which assigned the study sample either to the group of patients
with MCI or the group of healthy elderly controls (Drexler et al.,
2013).
MATERIALS AND METHODS
PARTICIPANTS
A total sample of 81 elderly participants (45 controls, 36 MCI)
were examined at the first of five measurement time points of
the fMRI part of the Helmholtz Alliance for Mental Health in an
Aging Society (HelMA) longitudinal study to establish neurobi-
ological predictors for the development of dementia. They were
recruited through newspaper advertisement and from local facil-
ities for the elderly. All were paid for their participation and gave
written informed consent. The study was approved by the Institu-
tional Review Board (IRB) of the Medical Faculty, RWTH Aachen
University, according to the Helsinki declaration. Each subject
underwent extensive neuropsychological examination prior to
group assignment (MCI vs. control group). Criteria for the diag-
nosis of MCI were oriented on Winblad et al. (2004). Subjects
were considered MCI when they had (1) an impaired score of at
least 1.5 SD below the mean according to the normative data set
of at least one cognitive test, (2) no dementia, and (3) preserved
activities of daily living. A broad description of the neuropsycho-
logical test battery was used (Table 1). All subjects were screened
for suitability of fMRI participation and right-handedness accord-
ing to the Edinburgh inventory for handedness (Oldfield, 1971).
None of the subjects had any history of psychiatric or neurological
diseases or drug addiction. Subjects with unexplained mild tinni-
tus or rotatory vertigo were deemed suitable for participation,
as long as they did not feel subjectively disadvantaged. Thirteen
participants (six controls, seven MCI) with recognition perfor-
mance less than or equal to 50% (below/equal to chance-level)
as well as 13 participants (six controls, seven MCI) with unsta-
ble diagnoses (as reappraised in the second measurement time
point) were excluded from analyses. An additional nine subjects
were not included due to excessive head movement (seven sub-
jects; translation >3 mm), misunderstanding of the task, or an
anatomical abnormality of the frontal cortex. The final sample
consisted of 27 healthy elderly controls and 19 patients with MCI.
For detailed information with regard to basic subject characteris-
tics and a selection of neuropsychological test performance, please
refer to Table 1.
EXPERIMENTAL DESIGN
All subjects participated in two separate experimental tasks, mem-
ory encoding, and memory recognition. Both tasks were presented
using Presentation software package 10 (Neurobehavioral systems
Inc., San Francisco, CA, USA).
Memory encoding
The first task intended to measure the neural correlates of memory
encoding by means of learning-associated face-name pairs. Sub-
jects were shown a total of 20 unfamiliar and emotionally neutral
faces drawn from the facial expressions for brain activation (FEBA)
database [16]. The faces covered all age ranges and had an equal
gender ratio. All names were common, two-syllable German first
Table 1 | Subject characteristics and neuropsychological test
performance.
Subject characteristics Controls (n=27) MCI (n=19)
Age 68.7 (4.0) 71.5 (7.9)
Education 10.7 (1.8) 9.7 (2.4)
aMWT-B score 33 (2.2) 31.6 (4.5)
bBDI-score 4.0 (4.0) 3.4 (3.2)
cBADL-score 1.2 (0.3) 1.2 (0.3)
Male 7 7
Hypertonia 12 12
Values are presented as means (SD).
aMultiple-choice word test, German version.
bBeck’s Depression Inventory, German version.
cThe Bayer Activities of Daily Living Scale.
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names. Each face was presented four times: twice together with
the to-be-learned name (associative version) and twice together
with the word “name” in brackets (control version), both either
below the right or the left corner of the picture. We conducted
one repetition of each face/name pair given the fact that in our
unpublished behavioral pilot study, the recognition performance
of the majority of healthy controls had remained either below or
at chance-level when the face/name pair was presented only once.
These repetitions started to appear only after all 20 faces had been
shown once in each of the two task versions and their order was
newly randomized.
The control version was previously included to allow for fur-
ther ways of analyses. In order to increase the statistical power
of the hemodynamic response pertaining to each event, the task
was divided into 16 consecutive clusters of five faces with an
alternating presentation of the two versions. Both were repeat-
edly announced by a 2-s instruction to either learn the names
or look at the faces. Each face was shown for 5500 ms, followed
by a fixation cross lasting 500 ms. Each cluster was separated by
a fixation period of 13,500 ms to allow for the recovery of the
hemodynamic response. During the associative cluster, subjects
had to learn the association between face and name while con-
currently pressing a button to indicate the side of the name (left
or right) either with the middle finger (right) or the index finger
(left) of their right hand. During the control cluster, participants
were instructed to simply look at the faces while simultaneously
indicating whether the word “name” was presented on the left or
the right side of the picture. The encoding task always began with
an associative cluster of the task, although the order of face presen-
tations was pseudo-randomized between subjects. Button pressing
was meant to ensure the subjects’ active engagement with the task
(see Figure 1A).
Memory Recognition
The second task aimed to find the neural correlates of memory
recognition through identification of previously learned face-
name associations. To that end, all 20 faces from the encoding task
were again presented twice, each either with two names (associative
version) or with the German denotation of “man” and “woman”
(control version) below the right and left corners of the picture.
Subjects were required to decide either by button press (left or
right), which of the two presented names formerly belonged to
the face or whether the face is male or female. All additionally
presented names without association with the current face were
chosen from the pool of previously learned names. Thus, recog-
nition of the correct name could not rely on mere novelty of the
incorrect name. We presented 10 clusters of four faces according
to the two versions of the task, with the task commencing with
the presentation of a cluster of four faces belonging to the associa-
tive version. The order of the faces was randomized and the two
task versions followed each other. Each cluster was announced by
a 2-s instruction to either determine the name or the sex of the
face. Each face was shown for 6500 ms followed by a fixation cross
lasting 500 ms. Two clusters of faces were separated by a fixation
period of 13,500 ms (see Figure 1B).
BEHAVIORAL DATA ANALYSIS
Behavioral data were statistically analyzed using SPSS for Windows
(version 20.0). All data are presented as means (SD) of the raw
data. With regard to the neuropsychological data and the memory
performance derived during fMRI, two-sample t -tests were used
for group comparisons between patients with MCI and normally
aging controls. If the variables were categorical, as in the case of
some demographic enquiries, group contrasts were made on the
basis of chi-square tests.
FIGURE 1 | (A) Memory encoding task. (B) Memory recognition task.
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fMRI DATA ACQUISITION AND ANALYSIS
Prior to scanning, all subjects were shown a training version of
the two paradigms to ensure their understanding of the instruc-
tions. Then, they were placed in the MR scanner as comfortably
as possible, using foam cushions to stabilize the head and mini-
mize movement. Lenses were inserted into the goggles to ensure
adequate visual acuity. The subjects’ right middle and index fin-
gers were positioned on a response button device (LUMItouch,
Lightwave Technologies, Richmond, Canada).
Neuroimaging data were acquired on a 3-T Trio MR scan-
ner (Siemens Medical Systems, Erlangen, Germany). Echo planar
imaging (EPI) sensitive to blood oxygenation level dependent
(BOLD) changes (T2*, voxel size: 3.1 mm× 3.1 mm× 3.1 mm,
matrix size: 64× 64, field of view: 200 mm× 200 mm, 38 slices
(AC-PC), 0.3 mm gap, TR: 2200 ms, TE: 30 ms, flip angle: 77°, vol-
umes: 333 (encoding), 200 (recognition), total duration both tasks:
19.49 min.) was used for functional measurements. Anatomical
images were obtained subsequently (3D T1*-weighted image: TE:
3.03; TR: 2300 ms; FOV= 256 mm× 256 mm; number of sagittal
slices= 176; voxel size 1 mm× 1 mm× 1 mm).
For data analysis, SPM8 (Wellcome Department of Cogni-
tive Neurology, London) was used. All following descriptions of
statistical analyses apply to both tasks.
After discarding the first and last five volumes, all volumes were
realigned to the remaining first volume of the time series in order to
correct for head movement. Functional images were co-registered
with the T1-weighted anatomical reference and transformed to
Montreal Neurologic Institute (MNI) space. Normalized images
were spatially smoothed using an 8-mm FWHM Gaussian ker-
nel. As data analyses were based only on successful (hits) and
unsuccessful (misses) memory performance, the individual onset
times of hits and misses during associative versions of both para-
digms were calculated separately. In order to define the encoding
activity, the onset time of each encoded face/word combination
was calculated. All correctly encoded pictures were included in
the analysis of successful memory performance (successful encod-
ing and successful recognition). Likewise, the incorrectly encoded
pictures were included in the analysis of unsuccessful mem-
ory performance. Items without responses (omissions) were not
taken into account due to the uncertainty as to whether or not
the participants encoded or recognized them. However, as evi-
dent in Table 3, the number of omissions was extremely low,
leading us to assume that the influence of omissions was not
significant.
Encoding performance was based on subsequent recognition
performance, assuming that successful recognition needs success-
ful encoding. On the single subject level, individual movement
parameters were used as covariates. In order to account for ser-
ial correlations in the fMRI time series, an autoregressive AR(1)
model was applied. Furthermore, 128 s high-pass filtering atten-
uated all low-frequency signals. On a group-dependent level, a
flexible factorial general linear model (GLM) was used, including
the two factors group (two levels) and memory performance (two
levels). Unless otherwise stated, the significance level for all main
effects of the imaging data was set to p< 0.05 family-wise error
(or FWE) corrected at the cluster level, using a cluster-defining
threshold of p< 0.001 at the voxel level.
Contrast estimates of the group× performance interaction
effect were derived using a threshold of p< 0.0005 (uncorrected)
and a cluster extend threshold of 20 voxels in order to protect
against false positives. The anatomical localization of significant
clusters was based on a probabilistic cytoarchitectonic map (Eick-
hoff et al., 2005). For the purposes of further investigation of
parameter estimates, beta values of the mean activity of a 5 mm
sphere around the peak voxel were extracted for significant areas
and analyzed by means of SPSS for Windows Software Package
(version 20.0). Differences between parameter estimates within
the interaction effect were analyzed using two-sample t -tests.
Corollary, correlational analyses were used in order to validate
a relation between selective attention (quotient of TMT-B/TMT-
A) and three parameters of memory functioning (number of hits
during recognition, mean activity of the parahippocampal gyrus
during unsuccessful encoding, and mean activity of inferior tem-
poral cortex during unsuccessful recognition) in patients with
MCI and healthy controls separately. The Bonferroni-corrected
level of significance was adapted to p< 0.017. The analyses regard-
ing recognition data and correlations only comprised 18 instead
of 19 patient datasets, as one patient was observed to have beta
values deviating between 2.8 and 4.1 SD from the mean activity in
more than half of all significant areas.
RESULTS
DEMOGRAPHICS, NEUROPSYCHOLOGY, AND RECOGNITION
PERFORMANCE
Groups did not significantly differ with regard to age, education,
intelligence (MWT-B), depressive symptoms (BDI), activities of
daily living (B-ADL), sex ratio, and presence of hypertension as
a high-risk factor for vascular dementia. As regards neuropsycho-
logical data, patients performed worse than controls in several
subtests (please refer to Table 2). The behavioral performance
with reference to the fMRI paradigm did not differ significantly
between groups, as both groups had nearly the same number of
hits (and misses, respectively) and similar reaction times to the
face stimuli (see Table 3).
fMRI RESULTS
Memory encoding versus recognition
In the control group, at p< 0.001, interaction between encod-
ing and recognition was seen in the left insula (F = 45.57; MNI
x =−28, y = 22, z =−8; 947 voxels), the right inferior frontal
gyrus/insula (F = 60.97; MNI x = 32, y = 24, z =−10; 2012 vox-
els), the orbitofrontal cortex (OFC) including the ACC (F = 36.71;
MNI x = 6, y = 32, z = 26; 2461 voxels), the right basal ganglia
(F = 22.63; MNI x = 14, y = 8, z = 8; 2008 voxels), the left cere-
bellum (F = 30.72; MNI x =−8, y =−84, z =−34; 1377 voxels),
the left middle orbital gyrus (F = 23.50; MNI x =−36, y = 52,
z =−2; 524 voxels), the left cuneus/precuneus region(F = 17.32;
MNI x =−18, y =−64, z = 24; 177 voxels), the right middle
frontal gyrus (F = 18.85; MNI x = 36, y = 26, z = 36; 151 vox-
els), and the right middle orbital gyrus (F = 11.30; MNI x = 26,
y = 52, z =−7; 40 voxels) (Figure 2).
Among patients, the effects were seen in the bilateral
insula/inferior frontal gyrus (F = 24.25; MNI x =−26, y = 24,
z =−8; 1475 voxels and F = 27.64; MNI x = 30, y = 24, z =−12;
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Table 2 | Neuropsychological data.
Test Controls n MCI n t df p-Value
VLMT: total immediate recalla 52.78 (9.21) 27 42.95 (8.79) 19 3.63 44 0.001
VLMT: recall 11.15 (8.47) 27 8.47 (3.10) 19 3.241 44 0.002
VLMT: lost words 2.04 (1.58) 27 3.00 (2.19) 19 −1.74 44 0.09
VLMT: right recognition 13.85 (1.85) 27 13.47 (1.22) 19 0.78 44 0.441
VLMT: recognition residuals 12.48 (2.23) 27 10.68 (3.73) 19 2.05 44 0.047
WAIS: digit span forward 7.59 (1.37) 27 7.42 (2.19) 19 0.33 44 0.745
WAIS: digit span backward 6.74 (1.26) 27 5.84 (1.21) 19 2.42 44 0.02
Benton: correct drawingsb 6.78 (1.34) 27 5.61 (1.69) 18 2.58 43 0.013
Benton: number of mistakes 4.15 (1.77) 27 7.22 (3.19) 18 −4.15 43 0.0
RWT: semantic fluency 24.48 (5.02) 27 21.83 (7.78) 18 1.39 43 0.172
RWT: semantic flexibility 16.33 (4.12) 27 13.06 (5.43) 18 2.3 43 0.026
RWT: phonological fluency 15.00 (2.57) 27 13.61 (2.48) 18 1.8 43 0.079
RWT: phonological flexibility 13.56 (3.14) 27 11.61 (4.09) 18 1.8 43 0.079
TMT: part Ac 34.44 (12.38) 27 52.00 (21.05) 19 −3.56 44 0.001
TMT: part B 75.15 (28.32) 27 116.68 (68.65) 19 −2.83 44 0.007
Tower of London 16.26 (1.75) 27 16.05 (2.07) 19 0.37 44 0.716
MMSE-score 29.22 (0.75) 27 28.78 (0.94) 18 1.76 43 0.086
SKT-score 1.11 (1.28) 27 2.26 (2.58) 19 −2 44 0.051
TFDD-scored 44.78 (2.21) 27 42.42 (3.22) 19 2.95 44 0.005
Values are presented as means (SD).
*p≤0.01 is considered significant according to Bonferroni-Holm corrections for multiple testing.
Degrees of freedom (df) have decimals when the Levene-test for the equality of variances is significant.
aGerman version of the California Verbal learning test.
bBenton Visual Retention test, German version.
cTrail-Making Test.
dTest zur Frueherkennung von Demenzen mit Depressionsabgrenzung.
Table 3 | fMRI recognition performance.
Controls (n=27) MCI (n=19)
Hits 15,11 (2.1) 14.16 (2.4)
Misses 4.85 (2.2) 5.79 (2.4)
Omissions 0.04 (0.2) 0.05 (0.2)
Percent correct 75.56 (10.7) 71.05 (11.9)
Reaction time hits (ms) 2537.23 (514.0) 2643.98 (465.5)
Reaction time misses (ms) 1995.01 (963.5) 2828.29 (596.2)
Values are presented as means (SD).
There are no statistical differences with p<0.05 considered significant.
1101 voxels for the left and right insula, respectively), the left dorsal
ACC/supplemental motor area (F = 14.86; MNI x =−6, y = 20,
z = 44; 939 voxels), the left precuneus/cuneus region (F = 13.96;
MNI x =−12, y =−64, z = 32; 827 voxels), the left thalamus
(F = 21.79; MNI x =−8, y =−18, z =−14; 638 voxels), the bilat-
eral cerebellum (F = 13.00; MNI x = 12, y =−84, z =−30; 553
voxels), the right angular gyrus (F = 13.16; MNI x = 42, y =−48,
z = 36; 224 voxels), the right middle frontal gyrus (F = 9.73; MNI
x = 42, y = 54, z = 4; 58 voxels), and the right inferior temporal
gyrus (F = 10.30; MNI x = 58, y =−26, z =−26; 20 voxels).
The encoding× recognition× group interaction at p< 0.05
uncorrected was seen only in the rostral ACC (F = 6.91; MNI
x = 4, y = 38, z = 22; 106 voxels).
Memory encoding
In the patient group, at p< 0.05 family-wise error-corrected at the
cluster level, stronger involvement of the OFC (including the ros-
tral ACC), the bilateral precuneus, the left middle temporal gyrus,
and the right caudate nucleus was seen during successful as com-
pared to unsuccessful encoding (for additional areas significant at
p< 0.001 uncorrected, see Table S1 and Figure S1 in Supplemen-
tary Materials). The opposite contrast in the patient group was not
significant.
To demonstrate the common effects of successful versus unsuc-
cessful encoding in both groups, we included the two t -contrasts
(successful encoding> unsuccessful encoding in controls and suc-
cessful encoding> unsuccessful encoding in patients, each at
P < 0.05 uncorrected with a cluster extent of >40 voxels) into a
conjunction analysis, which revealed stronger involvement of the
left insula (Z = 3.57; MNI x =−44, y = 12, z =−10; 132 voxels),
the right insula (Z = 2.34; MNI x = 32, y = 18, z =−6; 74 vox-
els), the OFC including the rostral ACC (Z = 2.23; MNI x =−2,
y = 46, z = 0; 90 voxels), and the left hippocampus (Z = 2.40; MNI
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FIGURE 2 | Encoding× recognition interaction in the control group.
(A) Effects in the bilateral inferior frontal gyrus/insula region. (B) Corres-
ponding parameter estimates from the right insula. (C) Corresponding
parameter estimates from the left insula. (D) Effects in the anterior cingulate
cortex (ACC). (E) Corresponding parameter estimates from the ACC. (F) Effects
in the left cuneus. (G) Corresponding parameter estimates from the left cuneus.
x =−28,y =−10,z =−22; 42 voxels) during successful encoding.
As demonstrated by the parameter estimates, the rostral ACC and
the left insula showed stronger deactivation during unsuccessful
encoding in both groups. In the left hippocampus, on the other
hand, in both groups, the effect was stronger during successful
encoding (see Figure S2 in Supplementary Materials).
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Significant areas of the group× encoding-success interaction
were observed in frontal areas [OFC, superior frontal, anterior
cingulate cortex (ACC)], parietal regions (precuneus, angular
gyrus, intraparietal sulcus), subcortical regions (caudate nucleus)
and temporal areas (entorhinal cortex, middle temporal cortex)
(see Table 3). Statistical analysis of parameter estimates in these
regions neither yielded significant differences regarding activity
between hits and misses in controls, nor significant differences
between controls and patients with regard to hits. However, the
activity in the patient group varied significantly with encoding-
success. In more detail, patients had significantly lower activity
in almost all areas during unsuccessful encoding as compared to
successful encoding. With reference to the comparison of activ-
ity during unsuccessful encoding between patients and controls,
patients showed significantly lower activity in the following areas:
bilateral OFC, left precuneus, right insular cortex, left entorhi-
nal cortex/hippocampus, and left angular gyrus. There was no
brain area showing significantly higher activation during unsuc-
cessful encoding in patients as compared to successful encod-
ing in patients or unsuccessful encoding in controls. Please see
Figure 3 for visualization of clusters and corresponding parame-
ter estimates and Table 4 for corresponding means and standard
errors.
Memory recognition
At p< 0.05 family-wise error-corrected at the cluster level, unsuc-
cessful compared to successful recognition in the control group
yielded significantly higher levels of activity in the occipital areas
(including the extrastriate visual cortex), the dorsal prefrontal cor-
tex (DLPFC), the dorsal anterior cingulate cortex (dACC), and the
inferior temporal cortex (for other areas significant at p< 0.001
uncorrected, see Table S1 in Supplementary Material). The oppo-
site contrast did not show any differences. In patients, no areas
were identified with significantly higher (or lower) activity during
unsuccessful, compared to successful, recognition.
The group× recognition success interaction showed signifi-
cant effects in the frontal areas (middle frontal gyrus, dorsolateral
prefrontal, ACC), the parietal regions (supramarginal gyrus), the
temporal areas (inferior temporal cortex), the thalamus, and the
cerebellum.
A comparison between groups based on unsuccessful recog-
nition revealed significantly lower activity in patients in almost
all affected areas (see Table 3). For visualization of clusters and
corresponding parameter estimates, please see Figure 3.
COROLLARY CORRELATIONAL ANALYSES
In patients with MCI, there was a significant negative correlation
between selective attention and the number of hits during recog-
nition (r =−0.575, p= 0.013). We also found a significant corre-
lation between memory function (VLMT: total immediate recall)
and the number of hits during recognition (r = 0.396, p= 0.041).
However, selective attention and memory did not significantly
correlate either with the mean activity of the entorhinal cortex
during unsuccessful encoding (r = 0.022, p= 0.930) or with the
mean activity of the inferior temporal cortex during unsuccessful
recognition (r = 0.037, p= 0.883).
In healthy controls, there was no significant correlation between
selective attention and, on the one hand, the number of hits during
recognition (r =−0.085, p= 0.674), and, on the other, the mean
activity of the entorhinal cortex during unsuccessful encoding
FIGURE 3 | Left side: parameter estimates of the encoding-
success×group interaction effect and corresponding 5 mm sphere mean
activity for separate factors: (A) left orbitofrontal cortex, (B) left precuneus,
(C) left parahippocampal gyrus, (D) left angular gyrus. Right side: neural
correlates of the recognition-success×group interaction effect and
corresponding 5 mm sphere mean activity for separate factors: (A) right
middle frontal gyrus, (B) right inferior temporal cortex, (C) right dorsolateral
prefrontal cortex. *is considered significant at (A) p= 0.025, (B) p=0.005,
(C) p=0.008, (D) p=0.006, respectively (A) p=0.001. (B) p=0.00, (C)
p=0.003.
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Table 4 | Activation peaks of the group×memory-success interaction effect.
Anatomical location x y z F -value Number of voxels
Encoding
Left orbitofrontal cortex* −14 20 −16 25.44 59
Right orbitofrontal cortex* 8 52 −16 18.46 29
Right middle orbital gyrus 4 18 −4 20.04 109
Right superior frontal gyrus 34 58 20 24.25 246
Left precuneus* −6 −58 36 23.67 560
Right insular cortex 26 −30 26 21.22 46
Right insular cortex* 30 0 24 19.73 37
Right anterior cingulate cortex 14 34 −6 20.74 53
Left entorhinal cortex* −14 −26 −14 20.48 25
Right caudate nucleus 14 4 12 19.81 42
Right intraparietal sulcus 28 −56 30 18.90 37
Right middle temporal cortex 38 −60 26 15.82 22
Left angular gyrus* −48 −66 36 15.81 30
Recognition
Right middle frontal gyrus* 10 16 46 21.58 105
Left supramarginal gyrus −32 −30 22 21.50 36
Right inferior temporal cortex* 48 −48 −22 19.30 50
Right dorsolateral prefrontal cortex* 38 34 22 19.29 37
Left thalamus* −26 −26 −4 19.19 23
Left cerebellum −44 −60 −22 18.73 43
Right anterior cingulate cortex* 20 −2 36 16.00 23
Coordinates are given in MNI-space.
An asterisk indicates areas with differences between groups regarding false memory performance.
(r =−0.031, p= 0.879) and the mean activity of the infe-
rior temporal cortex during unsuccessful recognition (r = 0.079,
p= 0.694). No significant association between memory function
(VLMT: total immediate recall) and the number of hits during
recognition was observed either.
DISCUSSION
The purpose of the current study was to investigate potential dif-
ferences between patients with stable amnestic MCI and healthy
elderly controls with regard to the neural correlates of successful
versus unsuccessful encoding and recognition.
In the control group, we observed decreased activity dur-
ing encoding and an increase during retrieval in, among other
regions, the medial prefrontal areas (including ACC), the bilateral
insula/inferior frontal cortex and the occipital areas (e.g., cuneus).
Young, healthy subjects tend to exhibit a decrease in activity during
encoding and an increase during retrieval (also known as encod-
ing/revival“flip”) (Vannini et al., 2013). Negative encoding activity
(or negative subsequent memory effects) is often deemed benefi-
cial to successful performance (Daselaar et al., 2004; Uncapher
et al., 2011; de Chastelaine and Rugg, 2014) and is linked to activ-
ity in the default network which decreases during tasks demanding
attention to external stimuli and novel events (Greicius et al.,
2009). The impaired ability to modulate activity in the default net-
work regions is associated with age, greater amyloid burden, and
worse memory performance (Vannini et al., 2013). As our results
demonstrate, unsuccessful (compared to successful) encoding in
particular is associated with decreased activity in the rostral ACC
and the left insula in both patients and healthy individuals. On
the other hand, the left hippocampus was more strongly involved
during successful encoding in both groups, presumably reflecting
successful memory processes. This observation is consistent with
the results of previous studies (e.g., Miller et al., 2008).
Given that our patient group comprised stable MCI patients,
a considerable part of the group might never develop full-blown
dementia. The fact that patients and controls did not differ with
regard to successful encoding memory performance, and that the
effect on activation during the unsuccessful condition did not cor-
respond to increases in the number of false alarms, might indicate
that this group of stable amnestic MCI patients (compared to
healthy aging controls) still had equal resources to correctly encode
and recognize memory-related stimulus material.
However, in the patient group, between unsuccessful (as com-
pared to successful) encoding trials, we observed differences in
negative encoding activity with patients showing further decreased
activity in the frontal and parietal regions. Among the controls, on
the other hand, the differences between the two types of encoding
trials were less prominent.
Successful encoding is dependent on the effective interplay of
temporal, parietal, and frontal regions (Chun and Turk-Browne,
2007; Miller et al., 2008). In the current group of patients with
stable amnestic MCI, these particular regions showed task-related
deactivation compared to controls for poorly remembered associ-
ations (unsuccessful encoding). While the entorhinal cortex in the
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medial temporal lobe is particularly linked to memory processes,
the frontoparietal network is related to visual attention (Corbetta,
1998). Thus, an emerging dysfunction in the attentional memory
system in patients with stable amnestic MCI may be a possible
explanation of our findings. This assumption is further corrobo-
rated by the significant negative correlation, we observed between
a parameter for selective attention and the number of hits dur-
ing recognition. As limited attentional resources are shared by
information processing and memory, top-down attention is nec-
essary for the transmission of only highly salient information to
the memory-related areas (Bunting et al., 2008; Sestieri et al., 2010;
Uncapher et al., 2011). During unsuccessful encoding, a tempo-
rary under-recruitment of frontal, parietal, or both areas might
prevent goal-based selection of interfering stimuli, resulting in
an uncontrolled propagation of the to-be-encoded material to
memory-related areas.
Unsuccessful, compared to successful, recognition in the con-
trol group led to higher activity in the extrastriate visual cortex,
the dorsolateral prefrontal cortex (DLPFC), and the dACC. A
comparison between the groups based on unsuccessful recogni-
tion showed lower activity of those areas in patients. Thus, false
recognition led to under-recruitment of the frontal areas and the
inferior temporal cortex in patients, although, again, without any
effect on behavioral performance. It has been suggested that MCI
patients might display decreased and non-compensatory brain
activity with the progression of dementia (Sperling, 2007; Dick-
erson and Sperling, 2008; Machulda et al., 2009). Proposing a
deficit in selective attention, Stevens et al. (2008) have observed
that memory performance declines due to impaired inhibition
of irrelevant information during encoding. Selective attention is
particularly affected in AD, leading to ineffective search and inhi-
bition mechanisms (Foldi et al., 2002). According to the findings
of Silveri et al. (2007), lower scores on selective attention tasks in
patients with MCI predict the development of dementia later in
life. Similarly, Shimada et al. (2012) have found attention tasks to
be useful predictors of atrophy in the medial temporal lobe and
entorhinal cortex. Some studies have even proposed a so-called
anatomo-functional syndrome in AD, hypothesizing that deficits
in attention may lead to memory problems, corroborating the
notion of a common deficient mechanism in MCI (Silveri et al.,
2007). Collectively, a dysfunctional interplay between the top-
down control of frontal areas and face perception of the inferior
temporal cortex is purported to be responsible for false recognition
in patients with MCI. Their memory failures, therefore, may be
caused subsequently during consolidation or recognition. In fact,
false recognition in the control group yielded significantly higher
activity in DLPFC, dorsal ACC, and inferior temporal cortex than
correct recognition. Based on the observations that the DLPFC
is necessary for successful retrieval (Rugg et al., 2002; Murray and
Ranganath, 2007; Stevens et al., 2008), the inferior temporal cortex
is associated with familiar face perception (Schweinberger et al.,
2002), and the ACC with decision making and conflict monitor-
ing (Bunting et al., 2008; Chechko et al., 2012, 2013), it may be
suggested that during difficult trials, subjects try to allocate extra
resources to search-related retrieval processes.
The fact that the analysis involved an unequal distribution of
successful and unsuccessful trials may be deemed a limitation of
our study. As the number of unsuccessful trials constituted only
about 25% of all events, the difference between variances might
have prevented weaker activity changes to become significant.
Furthermore, encoding performance was linked to subsequent
recognition performance based on the assumption that successful
recognition needs successful encoding. Because of the repeti-
tion of the face/name pairs, it was also not possible to pinpoint
exactly during which trial the item was correctly encoded. How-
ever, unsuccessful recognition does not automatically imply that
encoding too has been unsuccessful. In fact, despite successful
encoding, memory may fail due to unsuccessful consolidation or
recognition. Moreover, in the associative version, each face/name
was shown twice. Although the number of repetitions was rela-
tively low, it could still be considered as one of the limitations of the
paper. While we cannot, indeed,entirely exclude the possibility that
repetition suppression/enhancement might have occurred in our
experiment, our methodology would not be conducive to studying
this phenomenon due to complete and large temporal separation
of initial presentations and repetitions (and the consequential low-
frequency of any repetition effects). Finally, the omissions were not
included in the model owing to their small number and the fact
that we could not determine if they represented patients’ failure to
encode or recognized items.
In summary, despite equal memory performance in the fMRI
paradigm, during unsuccessful encoding and recognition, patients
were found to hypoactivate particularly the frontal, parietal, and
temporal areas of the brain. Based on the results of previous
research, we proposed that a temporary dysfunction of the top-
down control of the frontal or parietal or both areas might result
in non-selective propagation of task-related information to mem-
ory. The lack of differences observed in behavioral performance
is in contrast to previous findings, suggesting that patients with
MCI either hyperactivate particular brain areas in order to com-
pensate for their cognitive difficulties or hypoactivate them as
a matter of malfunction (Sperling et al., 2003; Dickerson et al.,
2005; Celone et al., 2006; Hämäläinen et al., 2007; Clément and
Belleville, 2010; O’Brien et al., 2010; Kim et al., 2012). Unlike our
study, most previous studies have failed to make a clear distinction
between successful and unsuccessful memory performance, bas-
ing their analyses purely on encoding or recognition. Thus, their
findings may have resulted from pooling two sides of the same
cognitive process, which, as our results now suggest, may actually
have been affected differentially by MCI. The fact that in our study
patients and controls did not differ with regard to successful and
unsuccessful memory performance indicates that this group of
stable amnestic MCI patients still had enough recourses, suggest-
ing that the observed deactivation in the default network regions
might very well have been a compensatory mechanism. The lack
of difference between MCIs and controls in the memory task (dur-
ing successful und unsuccessful memory performance) might also
have been due to the fact that most of the stable MCI patients
would not develop AD. As the current sample of patients included
only those with multiple amnestic MCI, with attention being more
strongly affected in comparison to other domains, the results are
likely to be evaluated in terms of attentional and memory deficits.
Consequently, the findings cannot be automatically extended to
other MCI groups.
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Future research should put more emphasis on the investigation
of failure mechanisms during unsuccessful cognitive performance
in elderly patients in order to obtain a more thorough under-
standing of preclinical dementia processes and further potential
risk factors.
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